Abstract The Hinze Dam is located in the Gold Coast hinterland and is the primary source of water supply for the Gold Coast region. Sporadic and unpredictable taste and odour events caused by geosmin and 2-methylisoborneol (MIB) are an ongoing problem in the Hinze Dam. To investigate potential ecological and physiological triggers of these events, a 12-month surface-sampling regime was undertaken. Concentrations of geosmin, MIB, nitrogen and phosphorus were measured. Algal and cyanobacterial counts were performed. Water temperature, rainfall and dam capacity were also recorded. The occurrence of geosmin was found to correlate significantly with Anabaena numbers, water temperature and dam capacity. The occurrence of MIB correlated with increasing ammonia. No significant correlations were observed with the other nutrients or physical parameters measured. Overall, this study demonstrated that high concentrations of geosmin detected in dam surface waters was strongly correlated with an increase in numbers of Anabaena spp. These events were most likely triggered by significant rainfall causing a pulse in nutrients into the dam, in conjunction with warmer water temperatures.
Introduction
Taste and odour (T/O) events in the Hinze Dam have been sporadic and unpredictable and have been an ongoing issue in the production of potable water. The earthy/musty compounds, geosmin and 2-methylisoborneol (MIB), are particularly problematic and can be detected in extremely low concentrations by the human nose (Young et al., 1996) . Methods to remove these compounds are costly and, at times, ineffective. Geosmin and MIB are secondary metabolites of a range of microorganisms including cyanobacteria, actinobacteria and fungi (Wnorowski, 1992) . In the past, particularly in drought times, the sporadic nature of T/O events in the Hinze Dam has made it difficult to determine the source of the odours and to predict events.
The Hinze Dam (Lat. 228.0481, Long. 158.2875 ) is located in the Gold Coast hinterland, Queensland, Australia. It has a capacity of 161,070 ML, a surface area of 9.72 km 2 and a catchment area of 207 km 2 , comprised mainly of native bushland (77%) and pastureland (15%) (Gold Coast City Council, 2005) . The Hinze Dam is the primary source of water supply for the Gold Coast region supplying an average of 169 ML of water per day (Gold Coast City Council, 2005) . The Gold Coast is a sub-tropical region of the east coast of Australia and is a world-renowned tourist destination. It is one of the fastest growing urban regions in Australia, placing heavy demands on water supplies. From 2001 to early 2003, a prolonged dry period occurred, resulting in dam capacity falling to below 30% and severe water restrictions being implemented. During this time, T/O events were particularly severe and unpredictable. High levels of geosmin and MIB were noted in the dam and throughout the distribution system (Hamilton, 2003) . The survey described here commenced in July 2004.
The aim of the 2004 survey was to investigate potential environmental and physiological triggers for the production of geosmin and MIB in the surface waters of the Hinze Dam and to investigate surface cyanobacteria as a possible source of these compounds.
Methods

Sampling site
For this survey, one sampling site was chosen and was located at the inlet tower, approximately 50 m from the wall of the Hinze Dam. The water authority, Gold Coast Water (GCW), constantly assesses water quality at this site and management decisions for water treatment are based on this assessment. Although the data gathered in this survey are not representative of the entire dam, it is useful for water treatment management. When the dam is at full capacity, the depth of the water at the inlet tower is approximately 40 m. The dam is thermally stratified from September to July, with turnover occurring once in winter, usually in July. When stratified, the thermocline occurs between 9 and 15 m below the surface. For this study, only the mixed upper layers of waters above the thermocline were sampled. This is because there is no mixing of surface waters with the deeper layers throughout most of the year and that water for potable treatment is only drawn off above the thermocline. The mixed upper layer has a low turbidity throughout the year with readings ranging from 1.1 to 3.6 NTU.
Sampling
Sampling took place over a 12-month period from 14 July 2004 until 6 July 2005. Monthly sampling was undertaken during winter and spring, from July until 1 December 2004. Weekly sampling commenced in early December (beginning of summer), which coincided with a significant T/O event. Samples were collected on 34 occasions. At each sampling time, one composite surface sample was prepared by mixing equal volumes of water collected from the following depths, 20.3 m, 2 3 m and 2 6 m. All samples were collected and processed by Gold Coast City Council Scientific Services using standard methods (APHA, 1998) .
Nutrients
Concentrations of ammonia nitrogen, oxidised nitrogen, total nitrogen, orthophosphate and total phosphorus were measured by Gold Coast City Council Scientific Services using standard methods (APHA, 1998) in laboratories accredited for these methods by the National Association of Testing Authorities (NATA).
Algal counts
Algal counts were performed using the Sedgewick-Rafter method which has been previously described (Shaw and Smith, 2000) . The numbers of problematic cyanobacteria, such as Anabaena spp. and Microcystis spp. were recorded. Over the last five years, the Hinze Dam has experienced several surface cyanobacterial blooms, with Anabaena being the organism most often recorded. To a lesser extent, Microcystis aeruginosa has also been associated with surface blooms. Benthic cyanobacteria are not problematic at the sampling site, and, due to stratification, would not influence geosmin/MIB concentrations in the surface waters.
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During the sampling period, water temperature, weekly rainfall and dam capacity were also recorded. As there is little variation in water temperature in the first 6 m throughout most of the year, the mean water temperature of the three depths was used. Rainfall is measured at the dam wall and the total weekly rainfall was recorded for this survey. In this catchment area, rainfall does not necessarily reflect inflow into the dam; therefore, dam volume was also recorded as a percentage of total dam storage capacity. This measurement is calculated daily by GCW.
Geosmin and MIB
Geosmin and MIB concentrations were measured with gas chromatography-mass spectrometry (GCMS) using stir-bar sorptive extraction (SBSE) and thermal desorption. SBSE uses magnetic stir bars incorporated into a glass jacket and coated with polydimethylsiloxane (PDMS). The stir bar was placed into the sample and stirred for 45 min at 608C to allow maximum adsorption of geosmin and MIB to the PDMS. The stir bar was then placed into a glass rod and transferred to a thermal desorption system (TDS) where the analytes were thermally released and delivered to the GC column. A HP-5MS column was used (30 m £ 0.25 mm i.d. £ 0.25 mm film thickness). The column temperature was held at 508C for one minute and then heated to 2508C at a rate of 308C/min where it was held for one minute. The analysis was carried out on a Hewlett Packard gas chromatograph 6890 attached to a mass selective spectrometer (MS) 5973 (Agilent Technologies) equipped with a Gerstel TDS-2 thermodesorption system. The MS was operated in the electron ionisation (EI) mode with a scan range of 30 to 300 m/z. In selective ion monitoring (SIM) mode, ions 112 and 125 were monitored for geosmin and 95 and 108 for MIB with a dwell time of 400 ms per ion. Analytes were identified and quantified based on retention time and mass spectra of standards prepared from commercial geosmin and 2-methylisoborneol concentrates (Supelco, USA).
Results and discussion
The erratic patterns of geosmin and MIB occurrence observed and reported by Gold Coast Water during the drought period from 2001 to early 2003 was not seen during the 2004 sampling period. In July 2004, when sampling commenced, the drought had ended and dam capacity was at 73% (Figure 1) . Geosmin was present in 30 of 34 samples with the highest concentration (90.3 ng/L), occurring during late December. MIB was detected in only seven of the samples, with the greatest concentration (16.8 ng/L) occurring in the same late December sample. Overall, the concentration of geosmin in samples showed a steady incline towards the warmer months and a steady decline towards cooler months (Figure 1a) .
Regression analysis was performed to determine whether any strong correlations existed between the concentrations of geosmin and MIB and the physicochemical parameters measured (Table 1) . The most significant correlations were between geosmin and numbers of Anabaena spp. cells, also geosmin and water temperature. Strong correlations were observed between geosmin and dam capacity, also between MIB and ammonia nitrogen. No significant correlations were observed between the other measured nitrogen and phosphorus concentrations and geosmin or MIB.
Three significant rainfall events that impacted on dam capacity occurred during the sampling period. These events occurred in November and December 2004 (summer) and July 2005 (winter) where dam capacity increased by 16, 18 and 23%, respectively (Figure 1b) . The first rainfall event was followed by a sudden increase in numbers of Anabaena cell counts (from 80 to 4,800 cells/mL) and a corresponding rise in geosmin concentration (from 43.8 to 86.0 ng/L) (Figure 1a and c) . The second event coincided with the highest geosmin concentration recorded (90.3 ng/L) and also high cell numbers of Anabaena (2700 cells/mL). These two rain events occurred at the onset of summer when the surface water temperature had exceeded 228C (Figure 1a) . In contrast, no geosmin and no Anabaena cells were detected in the sample taken after the third rainfall event, which occurred at a time when surface water temperatures had dropped to 178C (Figure 1a, b and c) .
These data indicate that the peak in geosmin seen at the onset of summer was due to the increase in the number of Anabaena cells. The increase in Anabaena cell numbers was most likely triggered by a rainfall event which resulted in a significant inflow into the dam and a corresponding pulse of nutrients (Figure 1d and e) . Thus, it appears that an inflow of nutrients into the dam during rain events needs to be coupled with higher water temperatures to promote the growth of Anabaena cells and/or the presence of odour compounds. The higher number of Anabaena sp. cells was also significantly correlated with water temperature (Pearsons correlation 0.534, significance of 0.001).
A significant correlation between water temperature and geosmin concentration was observed during this survey (Table 1) . Similar results have been observed in other studies, both in source water (Persson, 1979; Wood et al., 1985; Armstrong et al., 1986; Howell et al., 2002; Lin et al., 2002) and in laboratory cultures (Wu and Juettner, 1988; Hu, 1994; Blevins et al., 1995; Hu et al., 2001; Saadoun et al., 2001) . Given that temperature is closely linked with metabolism and growth in microorganisms, the increased production of geosmin is most likely linked to increased microbial metabolism and/or growth. However, further research is required to explore how temperature influences geosmin biosynthesis.
Varying forms and concentrations of nitrogen in laboratory cultures have been shown to influence geosmin and MIB production in streptomycetes (Wood et al., 1985; Lind and Katzif, 1988; Blevins et al., 1995) and cyanobacteria (Naes and Post, 1988; Aoyama et al., 1991; Wu et al., 1991; Blevins et al., 1995; Rashash et al., 1995; Hu et al., 2001) . Lind and Katzif (1988) noted that their laboratory data support field observations of T/O episodes occurring in a reservoir after rainfall events that supply pulses of nitrogen into the system. Our data showed that small increases in nitrogen and phosphorus concentrations were observed after each rainfall event, yet a corresponding rise in geosmin was only observed during the warmer months.
The highest concentration of oxidised nitrogen and total nitrogen (0.169 and 0.580 mg/L, respectively) were recorded in July 2004 when geosmin and MIB concentrations were minimal at 16.3 and 0 ng/L. The highest concentrations of ammonia nitrogen were recorded in July 2005 after a significant rainfall event that also coincided with destratification of the dam. At this time geosmin was not detected and the MIB concentration measured in the dam sample was 8.3 ng/L. The lowest concentration of ammonia nitrogen (0.009 mg/L) was recorded in December and April when geosmin concentrations were 71.2 and 0 ng/L, respectively, and MIB was not detected (Figure 1d) . The correlation of MIB with ammonia nitrogen needs to be investigated further (Table 1) . As MIB was detected in only seven of the 34 samples it is difficult to analyse statistically. In several laboratory-based studies (Saadoun et al., 2001; Schrader and Blevins, 2001) , varying phosphorus concentrations have been shown to influence geosmin and MIB production. Increasing phosphorus concentrations have been shown to correlate with an increase in geosmin production in cultures of Steptomyces halstedii ) and an Anabaena sp. (Saadoun et al., 2001) . In contrast, a low phosphorus treatment resulted in increased concentrations of extracellular geosmin in cultures of Anabaena laxa (Rashash et al., 1995) . Our study of the Hinze Dam showed no significant correlations between geosmin/MIB and phosphorus concentrations (Table 1) . Orthophosphate concentrations ranged from 0.001 to 0.012 mg/L and total phosphate concentrations ranged from 0.010 to 0.031 mg/L. Interestingly, the highest concentrations of both phosphorus measurements were observed in April 2005 when concentrations of both geosmin and MIB were below detection (Figure 1a and e).
The metabolic pathway involved in geosmin and MIB production is intrinsically linked to phosphate. Both geosmin and MIB are secondary metabolites synthesised via the isoprenoid pathway (Bentley and Meganathan, 1981) . The precursors of geosmin and MIB are farnesyl pyrophosphate and geranyl pyrophosphate, respectively. Although the complete pathway for the conversion of these terpenes to odour metabolites is not known, in both cases the phosphate group is removed (Bentley and Meganathan, 1981; Cane and Watt, 2003 ). The phosphate group may then be used in other metabolic processes within the cell. The possibility that geosmin and MIB may be an accidental by-product of an organism's need to sequester phosphate for essential metabolic processes during times of phosphorus limitation needs to be considered and warrants further investigation. A case study such as that presented here cannot resolve such intricate details of metabolism.
Although, in this study, the most significant correlations with geosmin concentration were both cell numbers of Anabaena spp. and water temperature, in previous years the odour events have been more erratic and unpredictable. During the drought, odour events occurred at times when the presence of cyanobacteria were minimal and during winter periods when temperature ranged from 14 to 208C (Hamilton, 2003) . As there was no significant inflow from the watershed during the drought period, this indicates that other geosmin-producing organisms (possibly actinobacteria) were contributing to T/O events. Also, the data in this study showed that there was geosmin present in all samples taken prior to the odour event that occurred in the summer. The concentration of geosmin measured in these samples ranged from 16 to 43 ng/L while the numbers of Anabaena spp. cells were low at 80-170 cells/mL. This also indicates that odour-producing organisms, other than cyanobacteria, are contributing to the occurrence of geosmin in the Hinze Dam. The role of actinobacteria in T/O events in this dam is currently under investigation.
Conclusions
The case study presented here has provided some guidance for continuing laboratory-and field-based studies in the hunt for the triggers of geosmin, and to less extent MIB, biosynthesis. Here it was demonstrated that elevated concentrations of geosmin detected in the surface water of Hinze Dam strongly correlated with an increase in numbers of Anabaena spp. The increase in these cyanobacterial cells occurred immediately after a significant rainfall event and an accompanying pulse in nutrients during a time of warmer water temperatures. However, high rainfall and a pulse of nutrients did not render the same effect during colder months. Thus, temperature and nutrient (N and P) concentrations are important parameters involved in the production of geosmin and MIB. Given the anecdotal evidence discussed, the data presented here and previous reports, T/O events are more H.K. Uwins et al. 236 complex than a single trigger for a single group of organisms. Further studies are required to understand the influence of other odour-producing organisms and environmental factors on the occurrence of odour compounds in source water.
